Electron correlation and two dimensionality in the spin-density-wave phase of 

(TMTTF) 2 Br under pressure 
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The incommensurate spin-density-wave (SDW) phase in (TMTTF^Br was investigated through 
transport measurements under pressure and magnetic fields parallel to the c* axis. For the incom- 
mensurate SDW phase of (TMTTF^Br stabilized above 0.5 GPa, the SDW transition temperature 
Tsdw increases with the applied magnetic field. The field dependence of Tsdw is described by 
a quadratic behavior and the coefficient of the quadratic term increases with increasing pressure. 
These results are consistent with the prediction of the mean-field theory based on the suppression 
of the SDW transition by two-dimensionality. From the relation between the coefficient of the 
quadratic term and Tsdw at zero magnetic field, we determined the role of electron correlation and 
two dimensionality in the SDW phase of (TMTTF^Br under pressure and found that the SDW 
transition in (TMTTF^Br can be well explained within the mean field theory by taking into account 
the reduction of the coupling constant AT (0)1 by pressure. 

PACS numbers: 75.30.Fv, 72.15.Gd, 74.70.Kn 
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The family of organic salts (TMTCF) 2 A: (C = Se or 
S and X = PF 6 , AsF 6 , CIO4, Br, etc.) show quasi- 
one-dimensional (Q1D) electric properties and have rich 
ground states, spin-Peierls, antifcrromagnetism (AF), 
spin density wave (SDW), superconductivity, etc. The 
ground state in these salts is influenced by the different 
donors and anions that constitute the compounds. A uni- 
versal phase diagram for the TMTCF salts as a function 
of pressure has been proposed by Jerome A The differ- 
ences of the donors and the anions change the distance 
between molecules, transfer integral, etc. and this means 
that these act as a chemical pressure in the universal 
phase diagram. With increasing pressure, the electron 
transfer along the interchain direction increases, and the 
two dimensionality of the system increases. In addition 
to the role of the two dimensionality, it is also well known 
that the electron correlation must be strong to cause such 
a rich phase diagram in the Q1D compounds. 

The ground state of the sulfur-based salt (TMTTF) 2 Br 
is antiferromagnetism (AF) at ambient pressure* 2 In the 
temperature range above this AF phase, the system 
shows a broad minimum of resistivity p m i n at about T p 
— 100 K. Between this temperature and the AF transi- 
tion temperature, the system has a charge-localized (CL) 
state, in which the resistance increases with decreasing 
temperature. On applying the pressure, the ground state 
changes from the AF state to the incommensurate SDW 
state above about 0.5 GPa and p m i n vanishes. It is known 
that this incommensurate SDW state in (TMTTF) 2 Br is 
essentially the same as that in (TMTSF) 2 A, which is 
stabilized by the nesting of the Fermi surface in the Q1D 
electron band. 

When the magnetic field is applied to the SDW 
state suppressed by the imperfect nesting of Fermi sur- 



face, it has been predicted that Tsdw increases nearly 
quadratically with the field in low magnetic fields and 
shows a saturation behavior to the transition temper- 
ature for the perfect nesting case Tsdw m high mag- 
netic fields. 3 In fact, the quadratic magnetic field de- 
pendence and the saturation behavior have been con- 
firmed by the experiments for (TMTSF) 2 PF 6 (Refs lH 
and quenched (TMTSF) 2 C10 4 (Refs llll . In a previ- 
ous paper, however, we have estimated Tsdw = 16 K for 
(TMTSF) 2 PF 6 under low pressured This value of T SD w 
is slightly small to explain the universal phase diagram 
using the simplest model of the mean-field (MF) theory. 

In this paper, we present the results of resistivity 
measurements for the incommensurate SDW phase in 
(TMTTF) 2 Br under pressure and magnetic field, and dis- 
cuss the validity of the universal phase diagram for the 
TMTCF salts through the role of electron correlation and 
two dimensionality in the SDW phase of (TMTTF) 2 Br 
under pressure. 

Single crystals of (TMTTF) 2 Br were synthesized by 
the electrochemical method. The resistance measure- 
ments were performed by a dc four-wire method along 
the highly conducting a axis. Electric leads of 10 /im gold 
wire were attached with silver paint onto gold evaporated 
contacts. The current contacts covered the whole areas 
of both ends of the sample for a uniform current. The 
typical sample size was 0.4 x 0.2 x 0.02 mm 3 , where the 
length along the a-axis direction is that between voltage 
contacts. The temperature was measured using a Cer- 
nox CX-1050-SD resistance thermometer calibrated by a 
capacitance sensor in magnetic fields. The pressure was 
applied using the beryllium-copper clamp cell up to 2.1 
GPa. We used Daphne 7373 oil as a pressure medium. It 
is known that the pressure decreases at low temperature 
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FIG. 1: Temperature dependence of the resistance normalized 
by the resistance at ambient pressure and room temperature. 
The pressure is from top to bottom, 0, 0.2, 0.3, 0.5, 0.75, 1.0, 
1.65, 2.1 GPa, respectively. 
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FIG. 2: Pressure dependence of the SDW transition temper- 
ature at zero magnetic field Tsdw(0) and the SDW transition 
temperature for the perfect nesting case Tsdw estimated by 
fitting using the mean-field theory taking into account the 
magnetic-field dependence of the SDW transition tempera- 
ture. The solid line is the best fit of the linear function. The 
dashed line is guide to the eye. 



by about 0.15 GPa from any initial pressure at room tem- 
perature due to the solidification of this medium. 9 The 
magnetic field was applied along the c* axis up to 24 T in 
a hybrid magnet at the High Magnetic Field Laboratory, 
IMR, Tohoku University. 

Figure ^ shows the temperature dependence of the re- 
sistance along the a axis in (TMTTF^Br for various 



pressures. At ambient pressure, the resistance shows 
the broad minimum at about 100 K, corresponds to the 
crossover from the metallic to the CL state. Then, the re- 
sistance increases with decreasing temperature and shows 
a kink at 18 K. From the NMR measurements^, it is well 
known that (TMTTF) 2 Br exhibits an AF transition at 
14 K. However, the kink temperature is 4 K higher than 
this and d{]nR)/d(l/T) below 18 K is almost flat. The 
resistance shows no characteristic structure at 14 K. This 
indicates that the AF ordering does not change the be- 
havior of conductivity. The kink structure at 18 K in the 
resistance at ambient pressure may be caused by charge 
disproportionation^S The temperature for the resistance 
minimum T min rapidly decreases with increasing pressure 
up to 0.3 GPa and vanishes at about 0.4 GPa. These re- 
sults are consistent with a previous report As shown 
in Fig. 2] the kink at 18 K in the resistance at ambi- 
ent pressure changes to the broad peak structure in the 
derivative of the logarithm of the resistance with 1/T. 
The temperature of this peak in d{hxR)/d{l/T) increases 
with increasing pressure and shows a maximum of 23 K 
at 0.3 GPa. Above 0.3 GPa, the peak temperature de- 
creases from 23 K at 0.3 GPa to 19.5 K at 0.5 GPa. A 
detailed discussion of this phase diagram below 0.5 GPa 
is contained in a previous paperiiS 

Above 0.5 GPa the peak temperature still decreases 
with pressure, but the rate of decrease becomes smaller. 
It has been confirmed by the NMR measurements^ that 
the SDW with the incommensurate wave vector is sta- 
bilized above 0.5 GPa. With decreasing temperature, 
the resistance shows a steep increase associated with the 
SDW transition and thermally activated behavior at low 
temperature as shown in Fig. ^ The SDW transition 
temperatures in zero field Tsdw(0) determined from the 
peak of the derivative of the logarithm of the resistance 
with 1/T d(\nR)/d(l/T) are plotted against field in Fig. 
121 With increasing pressure, Tsdw(0) decreases from 19.5 
K at 0.5 GPa to 12.5 K at 2.1 GPa. This pressure depen- 
dence of Tsdw(0) above 0.5 GPa is qualitatively consis- 
tent with the prediction of the MF theory based on the 
imperfect nesting of the Fermi surface. 

Figure shows the temperature dependence of the re- 
sistance of (TMTTF)2Br along the a-axis under vari- 
ous magnetic fields at 2.1 GPa. In each field, the re- 
sistance shows the increase with decreasing temperature 
associated with the SDW gap. The SDW transition 
temperature Tsdw m a magnetic field, determined from 
d(lnR)/d{l/T) (the bottom of Fig.EJ, is shown in Fig.H 
We find that, with increasing magnetic field along the c* 
axis, Tsdw increases at various pressures. The magnetic- 
field dependence of Tsdw is described by the quadratic 
function: T S dw(-B) = Tsdw(0) + CB 2 , where C is con- 
stant, for each pressure. The coefficient of the quadratic 
term C increases with increasing pressure. All the re- 
sults between 0.75 GPa and 2.1 GPa, are well fitted by 
the quadratic function without any saturation behavior 
even at 24 T. Such a behavior is also found in TMTSF 
salts^i and is consistent with the prediction of the MF 
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FIG. 3: Top: Temperature dependence of the resistance in 
(TMTTF) 2 Br for various magnetic fields at 2.1 GPa. Bottom: 
The derivative of the logarithm of the resistance by 1/T offset 
from zero for clarity. 



theory^ As a result, we conclude that the SDW transition 
in (TMTTF) 2 Br is an ordinary SDW transition based on 
the nesting of the Fermi surface as for (TMTSF) 2 A. 

Figure shows the relation between the coefficient 
of the quadratic term C and Tsdw at zero magnetic 
field Tsdw(O) for (TMTTF) 2 Br. The coefficient C is 
mainly determined by the two dimensionality of the 
electron band in the MF theory, however, C also de- 
pends on other parameters, e.g., Fermi velocity vf- In 
the figure, the result for (TMTSF) 2 PF 6 is also shown 
for comparison^ The results of (TMTTF) 2 Br under 
high pressure seem to smoothly connected to those of 
(TMTSF) 2 PF 6 , and the SDW-superconductivity phase 
diagram in (TMTTF) 2 Br above 2.1 GPai&His quite sim- 
ilar to that in (TMTSF) 2 PF 6 under pressured There- 
fore, we expect that the parameters in (TMTTF) 2 Br at 
2.1 GPa to be close to those in (TMTSF) 2 PF 6 at ambi- 
ent pressure. From the observed curvature of the line for 
the relation between T SD w(0) and C for (TMTSF) 2 PF 6 , 
we had determined several parameters for the SDW tran- 
sition in the MF theory^ assuming that the SDW tran- 
sition temperature for the perfect nesting case Isdw 
is independent of pressure as in a previous paper A The 
dashed line in Fig. [5] is the fit by this theory to the ex- 
perimental data of (TMTSF) 2 PF6 and the agreement is 
good. The fit gives T SDWo = 16 K and v F = 1.03 x 10 5 
m/s for (TMTSF) 2 PF6, with a lattice parameter along 
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FIG. 4: Magnetic-field dependence of the SDW transition 
temperature Tsdw for various pressures. The solid lines are 
the best fit of the quadratic function. 



the b' axis of 7.7 x 10 10 m. However, the data for 
(TMTTF) 2 Br in the region where T S dw(0) is higher than 
13 K, corresponding to 1.7 GPa, are slightly above the 
calculated dashed curve. This fact indicates that all the 
data for (TMTTF) 2 Br and (TMTSF) 2 PF 6 cannot be de- 
scribed by the constant value of Tsdw with the pressure. 
Even if we consider only the results for (TMTTF) 2 Br, 
the almost linear relation between Tsdw(0) and C in a 
log-log scale, shown in Fig. EI is also hardly explained by 
the MF theory with constant Tgowo- I n such a simple 
model, it is expected that Tsdw(0) is almost constant 
for the imperfect nesting parameter eo/Ao in the region 
where cq/Aq is small and Xsdw(0) is close to Tsdw ; m 
contrast to the observed behavior. As a result, the ob- 
served slightly steep and straight dependence of Tsdw 
suggests that Tsdw varies with the pressure. 

From the BCS relation in the MF theory, Tsdw is 
given as k B T SDWo = 1.14Dexp(— 1/N(0)I), where D, 
iV(0), and I are the bandwidth, the density of state at 
Fermi level, and the on-site Coulomb energy, respectively. 
With increasing pressure, we can expect that (a) the on- 
site Coulomb energy I decreases due to the increase of the 
screening of Coulomb potential, (b) the density of state 
N(0) decreases due to the increase of the transfer energy, 
and (c) the bandwidth D increases due to the increase of 
the transfer energy along the a axis. The contribution of 
N(0)I to TsdWo is expected to be larger than that of D 
because the variation of N(0)I affects Tsdw exponen- 
tially. After all, we can expect Tsdw to decrease due to 
the decrease of the coupling constant N(0)I with increas- 
ing pressure. Indeed, the reduction of N(0)I by applying 
pressure was suggested from the NMR measurements in 
the metallic phase of (TMTCF) 2 A under the pressured 
It is natural to consider that Tsdw decreases as the ap- 
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FIG. 5: The relation between the SDW transition tempera- 
ture at zero magnetic field Tsdw(0) and the coefficient C of 
quadratic term in T SD w in (TMTTF) 2 Br and (TMTSF) 2 PF 6 . 
The broken line represents the theoretical curve with Tsdwo 
= 16 K. The solid line represents the theoretical curve taking 
into account the pressure dependence of N(0)I shown in Fig. 

m 

plied pressure becomes larger, although a quantitative 
estimate is difficult at present. If such a situation is re- 
alized in the present system, the observed upward devia- 
tion of data and its fairly steep dependence in the region, 
where Tsdw(0) is higher than 13 K, can be explained. 

Assuming v-p — 1.03 x 10 5 m/s independent of the pres- 
sure^ Tsdwo a t eacn pressure can be estimated by fit- 
ting with the MF theory. FigureOalso shows the pressure 
dependence of Tsdw obtained in this way. The value of 
^SDW decreases with increasing pressure, from 20 K at 
0.75 GPa to 16.8 K at 2.1 GPa, and the decrease of T SD w 
is approximately linear with the increase of pressure as 
denoted by the solid line in Fig. [21 Using this linear 
dependence for Tsdw > the magnetic- field dependence of 
?sdw in (TMTTF) 2 Br is well explained by the solid line 
in Fig. El With increasing pressure, it is expected that vf 
increases due to the increase of the transfer energy along 
the a axis. In this analysis, we assume that i>f is con- 
stant against the pressure; it is expected that vf does not 
show any large pressure dependence in the present con- 
ditions and a small pressure dependence of vf does not 



change our conclusion^ 19 As a result, the magnetic-field 
dependence of Tgow in (TMTTF) 2 Br is consistent with 
the prediction of the MF theory by taking into account 
the decrease of Tsdw due to the reduction of N(0)I by 
pressure. 

In the case of (TMTSF) 2 PF 6 , the pressure dependence 
of Xsdw (0) is mainly determined by the imperfect nest- 
ing parameter cq/Aq, because eo/Ao is fairy large and 
Tsdw(0) shows a rapid decrease with increasing eo/Ao- 
In such a situation, the reduction of N(0)I with pres- 
sure makes only a small contribution to X"sdw(0). As a 
result, the simplest model with constant Tsdw repro- 
duces the observed relation between Tsdw(0) and C well 
for (TMTSF) 2 PF 6 , as described in a previous paper i4 Ac- 
cordingly, as shown in Fig. the incommensurate SDW 
phase in both (TMTSF) 2 PF 6 and (TMTTF) 2 Br is un- 
derstood systematically and quantitatively in the com- 
mon pressure axis, where its origin corresponding to am- 
bient pressure is shifted for these two salts, with the MF 
theory based on the nesting of the Fermi surface taking 
into account the reduction of the coupling constant with 
pressure. 

In summary, resistivity measurements have been 
performed under pressure and in magnetic fields in 
(TMTTF) 2 Br. Above 0.5 GPa, (TMTTF) 2 Br exhibits 
an incommensurate SDW state at low temperatures. 
With increasing pressure, the SDW transition temper- 
ature Isdw decreases from 19.5 K at 0.5 GPa to 12.5 K 
at 2.1 GPa. When the magnetic field is applied to this 
SDW phase, substantially suppressed by the pressure, 
Tsuw increases quadratically with the field and the coef- 
ficient C of the quadratic term increases with increasing 
pressure. These results are consistent with the predic- 
tion of the MF theory based on the nesting of the Fermi 
surface in the Q1D electronic band. From the analysis of 
the relation between the coefficient C and T$dw at zero 
magnetic field, the magnetic field and pressure depen- 
dence of T S dw in (TMTTF) 2 Br can be well explained by 
the MF theory by taking into account the reduction of the 
coupling constant N(0)I with pressure. As a result, the 
incommensurate SDW phase in both (TMTSF) 2 PF 6 and 
(TMTTF) 2 Br is well described by the MF theory taking 
into account electron correlation and two dimensionality 
of the system in the universal phase diagram. 

We would like to thank Professor K. Murata for tech- 
nical advice on the high-pressure measurement. 
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With the increasing pressure, we can expect the increase 
of the transfer energy along the a axis, which works as 
the increase of vf, and the decrease of the lattice param- 
eter along the a axis, which works as the decrease of vf- 
Although a quantitative estimation of the pressure depen- 
dence of vf is difficult at present, a small pressure depen- 
dence does not change our conclusion^- 
If the value of vf increases 20% with increasing pressure 
from 0.75 GPa to 2.1 GPa, r SD w at 0.75 GPa increases 
from 20.0 K to 20.6 K. 



